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This  paper  describes  PLIF  flow  visualization  of  a  supersonic  nozzle  with  supersonic 
injection.  The  nozzle  simulates  COIL  flow  conditions  with  non-reacting,  cold  flows,  where 
the  injected  flow  was  seeded  with  iodine.  A  laser  sheet  near  565nm  excited  the  iodine,  and 
the  fluorescence  was  captured  with  a  gated  CCD  camera.  Spanwise  and  streamwise  images 
were  taken,  where  the  relative  concentration  of  the  injected  to  primary  flow,  turbulent 
structures,  and  penetration  distance  of  the  injected  flow  can  be  identified. 


I.  Introduction 

Current  Chemical  Oxygen  Iodine  Lasers  (COIL),  to  a  large  extent,  employ  supersonic  nozzles  in  which  iodine 
and  carrier  helium  are  injected  into  the  Singlet  Oxygen  Generator  (SOG)  stream  upstream  of  the  nozzle  throat, 
in  the  subsonic  region.  Designs  in  which  iodine  is  injected  in  the  supersonic  region  of  the  nozzle1, 2  3,4,5  have  the 
potential  to  provide  improved  performance.  Injecting  the  iodine  and  carrier  helium  downstream  of  the  nozzle  throat 
decouples  this  flow  from  the  SOG,  allowing  changes  to  be  made  to  the  injected  mass  flow  without  affecting  the 
pressure  upstream  in  the  flow  from  the  SOG.  When  injected  into  the  subsonic  region,  the  iodine  and  carrier  helium 
are  approximately  17-20%  of  the  SOG’s  molar  flow.  By  injecting  the  iodine  and  carrier  helium  into  the  supersonic 
region,  the  pressure  is  decreased  by  17-20%,  which  increases  the  velocity  and  decreases  the  partial  pressure  of 
02(lA).  A  lower  partial  pressure  and  a  greater  velocity  decreases  the  time  it  takes  to  transport  02(lA)  downstream  of 
the  throat,  enabling  more  lasing  farther  downstream  the  nozzle.  Also,  because  of  the  decrease  in  the  02(1A) 
transport  time,  the  loss  of  02(1A)  is  reduced  in  the  SOG  system. 

Scientists  have  been  able  to  study  the  fluid  mechanics  of  COIL  numerically  and  experimentally.  Numerical 
studies  have  been  performed  on  chemical  lasers  with  iodine  injection  in  the  subsonic  region  of  the  nozzle6,7,8,9,10  and 
in  the  supersonic  region.5  This  aids  in  the  understanding  of  the  mixing  phenomena  in  the  fluid-dynamic  flowfields. 
Planar  Laser-Induced  Fluorescence  (PLIF),  a  non-intrusive  method  to  image  the  flowfield,  has  been  used  to  study 
the  fluid  mechanics  of  a  COIL  nozzle  with  iodine  injection  in  the  subsonic  region.1 1,12 

Experimental  studies  have  been  performed  on  transverse  jets  in  supersonic  crossflow  cases.13,14  Although  the 
gases  used  do  not  simulate  COIL,  the  results  are  important  because  they  give  relationships  between  the  momentum 
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of  the  jets  and  crossflow.  This  work  aids  in  the  understanding  of  injection  penetration  into  a  supersonic  region  and 
the  factors  that  affect  penetration  distance  and  mixedness  of  the  two  flows. 

In  this  study,  the  flowfield  of  a  non-reacting,  cold-flow,  supersonic  nozzle  with  supersonic  injection  was  imaged 
with  PLIF.  The  nozzle  studied  has  mass  flow  characteristics  applicable  to  COIL.  This  study  was  done  to 
demonstrate  that  PLIF  could  be  used  to  study  fluid  mechanic  mixing  in  supersonic  nozzles  with  supersonic  injection. 
With  visualization  of  the  injected  flow,  one  can  identify  turbulent  structures,  penetration  distance  of  the  injected 
(secondary)  flow  into  the  primary  flow,  and  relative  concentration  of  the  secondary  to  primary  flows.  PLIF  results 
may  also  be  a  tool  to  validate  computational  results  and  can  be  used  to  aid  in  the  design  of  a  well-mixed  nozzle. 

II.  Experimental  Setup 

The  PLIF  system  is  used  to  qualitatively  and  quantitatively  measure  the  fluid  mechanic  mixing  in  the  flow.  This 
system  consists  of  an  Nd:YAG  laser  that  pumps  a  tunable  dye  laser.  The  dye  laser  is  then  used  to  excite  the  injected 
iodine  molecules  to  cause  fluorescence.  This  fluorescence  is  imaged  with  a  gated  CCD  camera.  Figure  1  displays  a 
schematic  of  the  PLIF  system.  The  YAG  laser  operates  at  the  second  harmonic  (532nm),  with  a  10Hz  pulse  rate  and 
an  8-  to  10-second  pulse  width.  The  output  of  the  YAG  laser  is  turned  by  two  dichroic  mirrors  (425-675nm)  into  the 
dye  laser.  The  tunable  dye  laser,  with  Rhodamine  6G  as  the  dye,  has  a  559  to  576nm  range  with  a  peak  at  566nm. 
Maximum  iodine  fluorescence  occurs  at  ~565nm,  which  makes  Rhodamine  6G  ideal  for  this  application.  The  beam 
from  the  dye  laser  (at  25mJ)  is  turned,  using  a  BK7  prism,  into  a  series  of  three  lenses  to  collimate  and  expand  the 
beam  into  a  rectangular  sheet  with  minimal  thickness  (~l-2mm).  The  three  lenses  include  one  spherical  and  two 
cylindrical  lenses. 

Once  collimated  and  expanded,  the  laser  sheet  is  directed  into  the  nozzle  through  a  Lexan  wall.  The  power  of  the 
laser  is  reduced  to  25mJ  so  as  to  not  bum  the  Lexan  walls.  The  laser  sheet  passes  through  the  flow,  exciting  the 
iodine  in  the  injected  flow  to  cause  fluorescence.  This  fluorescence  is  captured  with  a  gated  CCD  camera.  The 
camera  has  512  x  512  pixels  and  is  gated  at  100ns.  The  laser  sheet  was  arranged  to  pass  through  the  nozzle  flow  at 
three  different  angles.  The  camera  images  the  flow  perpendicular  to  the  laser  sheet  for  each  sheet  angle.  Figure  1 
displays  the  sheet  going  through  the  nozzle  135°  to  the  flow,  with  the  camera  aimed  perpendicular  to  the  laser  sheet 
(an  oblique  view).  Figure  2a  is  a  schematic  of  the  laser  sheet  180°  to  the  flow,  giving  a  streamwise  view.  Figure  2b 
displays  the  laser  sheet  90°  to  the  flow,  giving  a  spanwise  view  of  the  flow. 

The  nozzle  is  designed  for  a  primary  flow  of  Mach  2.5.  The  top  and  bottom  contours  of  the  nozzle  are  identical, 
each  with  two  rows  of  supersonic  injectors.  There  are  three  injectors  in  the  first  row  and  4  injectors  in  the  second 
row.  Each  injector  has  a  Mach  number  of  3,  with  injection  angles  of  30°  and  20°  for  the  first  and  second  rows, 
respectively.  Figure  3  is  a  schematic  of  the  injector  layout.  The  primary  flow  consists  of  nitrogen  at  88mmol/s  and 
helium  at  350mm/s.  The  secondary  mass  flow,  from  all  fourteen  injectors,  is  iodine  at  ~1  mmol/s  and  helium  at 
40mmol/s.  The  mass  flow  of  iodine  was  measured  using  the  transmittance  of  an  Argon-Ion  laser  beam  (488nm) 
through  the  flow  of  helium  and  iodine.15  1 


III.  Results 

To  measure  the  mixing  behavior  of  this  nozzle,  single-shot  images  were  captured  vrith  different  perspectives 
(oblique,  streamwise,  and  spanwise).  The  intensity  in  the  images  is  proportional  to  the  concentration  of  iodine  in  the 
injected  flow.  Figure  4  displays  oblique  views  (see  Fig.  1)  of  the  flow  just  downstream  and  much  farther 
downstream  of  the  injectors.  If  the  right  hand  side  of  the  image  was  tilted  into  the  page  at  an  angle  of  45°,  then  the 
flow  would  be  from  left  to  right.  Figure  4a  is  the  image  of  the  flow  immediately  downstream  of  the  injectors.  In  this 
image,  vortices  are  apparent  along  the  upper  and  lower  walls.  It  is  also  observed  that  the  secondary  flow  does  not 
mix  into  the  primary  flow  at  the  centerline  of  the  nozzle.  There  is  a  substantial  region  of  the  flow  that  is  absent  of 
molecular  iodine,  where  there  is  a  lack  of  fluorescence.  As  seen  farther  downstreanl  in  Fig.  4b,  the  turbulent 
structures  are  much  larger.  There  is  greater  mixing  than  in  the  flow  just  downstream  of  the  injectors,  yet  there  still  is 
no  penetration  into  the  centerline  of  the  nozzle. 

A  streamwise  view  of  the  flow  is  depicted  in  Fig.  5.  In  these  images,  the  flow  is  from  left  to  right.  Figure  5a 
depicts  the  raw  image  as  taken  from  the  camera,  whereas  Fig.  5b  is  a  color-enhanced  version  of  the  raw  image.  The 
pixels  with  little  or  no  intensity  (where  there  is  minimal  iodine)  are  pictured  white  and  the  pixels  with  intensity 
values  depicting  high  iodine  concentration  are  pictured  as  orange.  This  is  similar  to  what  is  seen  by  the  eye. 

A  spanwise  view  of  the  flow  is  shown  in  Fig.  6.  As  in  Fig.  5,  Fig.  6a  is  the  raw  camera  image  and  Fig.  6b  is  a 
color-enhanced  image.  In  this  view,  the  flow  is  coming  out  of  the  page.  There  is  reflection  of  the  fluorescence  off 
the  top  and  bottom  walls  of  the  nozzle.  The  reflection  line  is  displayed  as  a  dashed  line  in  the  image.  In  this  image, 
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turbulent  structures  (vortices)  can  be  identified,  as  well  as  the  general  mixing  of  the  secondary  and  primary  flows. 
As  shown  in  Figs.  4  and  5,  there  is  minimal  penetration  into  the  centerline  of  the  nozzle. 

To  study  the  penetration  of  this  supersonic  nozzle,  images  were  taken  over  a  range  of  secondary  to  primary  flow 
rate  ratios.  This  was  done  with  the  idea  that  an  increase  in  the  secondary  to  primary  flow  rate  ratio  would  increase 
the  secondary  flow  penetration  toward  the  centerline  of  the  nozzle.  Penetration  values  were  measured  over  an 
ensemble  of  ten  images.  Each  image  was  normalized  and  a  threshold  was  set  at  3%.  Any  pixel  with  intensity  over 
3%  was  considered  a  pixel  penetrated  with  the  secondary  flow.  Penetration  was  determined  by  the  ratio  of 
‘penetrated’  pixels  to  the  overall  pixel  count  for  the  image.  Figure  7  is  a  plot  of  the  secondary  flow  penetration 
versus  the  secondary  to  primary  flow  rate  ratio.  It  can  be  seen  that  the  penetration  increases  with  increasing  flow  rate 
ratio.  This  is  intuitive  because  as  the  secondary  flow  rate  increases  (or  the  primary  flow  rate  decreases),  the 
secondary  flow  should  overcome  the  momentum  of  the  crossflow  to  reach  closer  to  the  centerline  of  the  nozzle. 
However,  if  Fig.  7  were  extrapolated  beyond  a  flow  rate  ratio  of  0.85,  one  could  determine  that  the  secondary  flow 
would  never  penetrate  into  the  centerline.  This  is  because  of  the  shallow  angle  of  the  injectors  (20°-30°)  and  the 
expanding  nozzle  walls.  Even  with  no  primary  flow,  the  injected  flow  would  hug  the  walls  of  this  nozzle. 

TV.  Conclusion 

This  experiment  revealed  the  capabilities  PLIF  lends  the  fluid  mechanics  field  to  study  flow  interactions  of 
nozzles  with  supersonic  injection.  Here,  turbulent  structures  were  identified  along  with  general  penetration 
characteristics.  With  this  specific  nozzle,  PLIF  results  identified  a  lack  of  mixing  between  the  primary  and 
secondary  flows.  Future  work  includes  designing  injectors  of  a  nozzle  that  will  penetrate  into  the  centerline  and 
produce  a  well-mixed  medium  of  secondary  and  primary  flows.  The  PLIF  results  will  also  be  compared  to  and 
enable  validation  of  computational  fluid  dynamic  (CFD)  predictions.  This  is  important  for  future  designs  of 
supersonic  nozzles  with  supersonic  injection,  where  the  fluid  mechanic  modeling  is  expensive  and  time-consuming. 

For  the  next  run  of  experiments,  a  camera  with  higher  resolution  and  less  noise  will  be  used.  Instead  of  the 
Princeton  Instruments  512  x  512  front-illuminated  CCD,  an  Alta  U47  back-illuminated  CCD  array  with  1024  x  1024 
pixels  will  be  used.  The  quantum  efficiency  of  a  front-illuminated  array  is  approximately  65%,  whereas  the  quantum 
efficiency  of  a  back-illuminated  array  is  90%.  This  difference  in  quantum  efficiency  will  greatly  reduce  the  noise  in 
the  images. 
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Figure  1.  A  schematic  of  the  PLIF 
system,  with  the  camera  and  laser 
sheet  set  up  for  an  oblique  view  of  the 
flow. 


Figure  2.  Schematics  of  the  laser  sheet  at  a)  180° 
and  b)  90°  to  the  primary  flow. 


Figure  3.  Schematic  of  the  nozzle  with  the 
injectors  shown  on  the  bottom  wall,  flow  is 
from  left  to  right. 


Figure  4.  Oblique  view  of  the  nozzle  fluid  flow  where  a)  is  immediately  downstream  of  the 
injectors  and  b)  is  farther  downstream. 


a)  b) 

Figure  5,  Streamwise  view  of  the  flow  just  downstream  of  the  injectors  where  a) 

is  the  raw  image  from  the  camera  and  b)  is  a  color-enhanced  version  of  a). 


Figure  6.  Spanwise  view  of  the  flow,  with  the 
laser  sheet  just  downstream  of  the  injectors 
where  a)  is  the  camera  raw  image  and  b)  is  the 
color-enhanced  version  of  a). 


Figure  7.  Secondary  flow  penetration  versus  the 
secondary  to  primary  flow  rate  ratio. 


